Background and Purpose-Hemodynamic properties of brain arteriovenous malformations (AVMs) with risk factors for a future hemorrhage are essentially unknown. We hypothesized that AVMs with anatomic properties, which are associated with an increased rupture risk, exhibit different hemodynamic characteristics than those without these properties. Methods-Seventy-two consecutive patients with AVMs diagnosed by conventional angiography underwent MRI examination, including time-resolved 3-dimensional MR angiography. Signal-intensity curves derived from the timeresolved 3-dimensional MR angiography datasets were used to calculate relative blood flow transit times through the AVM nidus based on the time-to-peak parameter. For identification of characteristics associated with altered transit times, a multiple normal regression model was fitted with stepwise selection of the following regressors: intracranial hemorrhage, deep nidus location, infratentorial location, deep drainage, associated aneurysm, nidus size, draining venous stenosis, and number of draining veins. Results-A previous intracranial hemorrhage is the only characteristic that was associated with a significant alteration of the relative transit time, leading to an increase of 2.4 seconds (95% CI, 1.2-3.6 seconds;, P<0.001) without adjustment and 2.1 seconds (95% CI, 0.6-3.6 seconds; P=0.007) with adjustment for all other regressors considered. The association was independent of the bleeding age. 
B
rain arteriovenous malformations (AVMs) are rare vascular malformations with reported incidence rates of approximately one in 100 000 person years. 1 Symptoms range from headache, tinnitus, and seizures to focal neurological deficits. However, the most severe complication is the intracranial hemorrhage, which makes AVMs a major cause of such an event in young patients. Therapy aims at preventing an intracranial hemorrhage, but any invasive therapy can bear extensive risks for the patient. Therefore, risk assessment of the natural course and intervention of AVMs is crucial, especially due to the fact that not all AVMs rupture.
The single most important risk factor for a future hemorrhage is a previous rupture. 1 Several anatomic characteristics have also been identified as risk factors for an AVM rupture in previous studies, which comprise feeding artery aneurysms, a draining venous stenosis, hemorrhagic presentations, a deep location of the nidus, and an exclusive deep drainage (Table 1) . The knowledge about the relation between hemodynamic characteristics and an AVM rupture is still limited. So far, an elevated blood pressure in the feeding arteries is the only accepted feature of AVMs with a previous hemorrhage. 22 Whether this pressure elevation is an independent risk factor for a future rupture or the result of the previous hemorrhage is disputable.
Hemodynamic predictors for AVM hemorrhage could be used to improve clinical decision-making. Therefore, the primary aim of this study was to investigate whether there is a relation between anatomic AVM bleeding risk factors and hemodynamic parameters derived from noninvasive imaging. The second aim was to detect additional hemodynamic risk factors for an AVM-related hemorrhage to widen the model of (hemodynamic) changes that may lead to an AVM rupture. We hypothesized that patients with anatomic risk factors for an AVM-related hemorrhage exhibit altered hemodynamic characteristics.
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Methods
Patients
From March 2006 to September 2011, 72 consecutive patients with an AVM were enrolled in this study. Inclusion criterion was an AVM diagnosed by conventional digital subtraction angiography. Informed consent was obtained from all patients. The study was approved by the local ethics committee (No. 2706/2005).
Imaging
Conventional digital subtraction angiography with 3 images per second in standard projections with injections in both internal carotid arteries and at least one vertebral artery was performed for all patients. MR imaging measurements were performed on a 1.5-T Sonata or a 3-T Trio scanner (Siemens, Erlangen, Germany) using an 8-channel phased-array head coil. Among others, the following sequences were used. The TREAT sequence ( Time-Resolved Echo-Shared Acquisition Technique) 25 was used for 4-dimensional MR angiography (4D MRA) acquisition, which was implemented using a 3-dimensional fast low-angle shot sequence with TE/TR of 0.69/2.54 ms, 20° flip angle, in-plane image resolution of 1.875 mm 2 , and slice thickness of 5 mm. Parallel imaging with a generalized autocalibrating partially parallel acquisitions factor of 2 was applied. Contrast injection was performed by intravenous pump injection of 20 mL gadobenate dimeglumine (MultiHance; Bracco Altanta Pharma, Konstanz, Germany) at 4 mL/s followed by 20 mL isotonic saline. This imaging setup allowed the acquisition of one 3-dimensional dataset every 0.5 seconds.
A 3-dimensional time-of-flight MR angiography, which offers high spatial resolution, was implemented with a magnetization transfer saturation pulse, a TR of 36 ms, a TE of 6 ms, a flip angle of 25°, 5 slabs with 40 partitions each, an in-plane resolution of 0.47 mm 2 , a slice thickness of 0.5 mm, and a field of view of 150×200 mm.
Risk Factors
Previous studies, in which risk factors for an AVM-related hemorrhage were identified, were extracted and analyzed based on a literature query on PubMed. The following risk factors, which were found in at least 2 studies, were used in the following analysis: an intracranial hemorrhage, a deep nidus location, an infratentorial nidus location, a deep drainage, an associated aneurysm, a small nidus size, a draining venous stenosis, and one or 2/3 draining veins (see Introduction).
Inflow Time Measurement and Quantification
The in-house developed software tool AnToNIa (Analysis Tool for NeuroImage Data), which enables the combined visualization and quantitative analysis of 4-dimensional and high spatial resolution 3-dimensional MR angiographic sequences, was used for all image-based analyses. [26] [27] [28] [29] [30] For quantitative estimation of the blood flow transit times through the AVM nidus, a neuroradiologist (T.I.) placed a voxel of interest in the main feeding artery and main draining vein as close to the AVM nidus as possible ( Figure 1 ) as well as in the corresponding vessels on the contralateral hemisphere in the axial slices of the 4D MRA dataset. After extraction of the corresponding signal curve, the time-to-peak (TTP) parameter was calculated for each defined voxel of interest using the reference-based linear curve fitting approach.
31
Statistics
For each patient, differences of TTP between draining and feeding vessels of the AVM of the affected (difttpipsi=TTP of ipsilateral drainage−TTP ipsilateral feeder) and the corresponding vessels in the unaffected hemisphere (difttpcontra=TTP of contralateral drainage corresponding vessel−TTP contralateral feeder corresponding vessel) were calculated to obtain more robust results. After this, the temporal difference between the ipsi-and the contralateral measures was calculated (difttp=difttpipsi−difttpcontra). A multiple normal regression model with stepwise selection of the previously described 
Results
Patients
Thirty-seven female and 35 male patients with a median age of 43 years (range, 15-72 years) were enrolled in this study. Ten patients had to be excluded from further investigation (see subsequently). Of the 62 patients with datasets, which were sufficient for quantitative blood flow analysis, 17 presented a previous intracranial hemorrhage, 11 had a deep location of the nidus, 7 an infratentorial nidus location, 26 a deep drainage, 13 an associated arterial aneurysm, one a draining venous stenosis, 6 one draining vein, and 6 two or three draining veins. The average AVM nidus size was 3.11 cm (range, 0.5-7.5 cm). If hemorrhage was present, it was the presenting symptom and imaging was performed 5 to 4527 days (mean, 550 days) after the hemorrhage. No further hemorrhage has occurred since data acquisition ( online-only Data Supplement I).
Imaging
Cranial digital subtraction angiography images were available for all patients. The quality of 4D MRA was not sufficient to enable a proper TTP estimation for 10 patients. Nine of these patients were examined using the 1.5-T and one patient using the 3-T MR scanner. These patients had to be excluded from further analysis due to ringing artifacts (n=2), constant hyperintensity in arteries flowing in-plane at field-of-view margins (n=3), insufficient intensity drop after peak intensity (n=3), or too early arterial inflow such that the leading edge of the signal-intensity curves could not be measured properly (n=2).
In the remaining patients, 2 AVMs were mainly supplied by the internal carotid artery (3%), 14 by the anterior cerebral artery (23%), 27 by the middle cerebral artery (43%), and 19 by the posterior cerebral artery (31%; online-only Data Supplement II).
Statistics
Multiple normal regression model analysis revealed that a previous rupture is the only characteristic that leads to a significant alteration of the transnidal blood flow (Table 2) . A prolonged transit time of 2.4 seconds (95% CI, 1.2-3.6; P<0.001) without adjustment and 2.1 second (95% CI, 0.6-3.6; P=0.007) with adjustment for all other regressors considered was observed. This association was independent of the age of the bleeding (Pearson correlation, r=0.12; P=0.66; Figure 2 ).
Discussion
Flow quantification applying the bolus-contrast method has been used since the mid-1950s 31 for various clinical 33 opened many new opportunities for (noninvasive) blood flow analyses. At present, 4D MRA sequences allow the display of the pathophysiological situation by acquisition of all feeding vessels at the same time, visualization of blood flow from any view angle, and obtaining information from inside vascular malformations. 34 Making use of these advantages, we hoped to find hemodynamic differences between patients with and without increased rupture risk.
The main finding of this study was that only a previous hemorrhage is associated with a significant transit time alteration, which does not seem to change or normalize with increasing time after bleeding. None of the other anatomic risk factors for a future rupture was associated with significant hemodynamic alterations. Our results are in accordance with those of previous studies, which reported hemodynamic alterations in ruptured AVMs. However, the results of these studies are contradictory. Some studies identified an elevated flow in feeding arteries, 35 whereas other studies found a reduced flow. 22, 36 Our finding of a prolonged transit time is in accordance with disequilibrium of faster inflow, whereas outflow remains unchanged or is reduced. It has to be pointed out that transit times as measured in our study are not necessarily equivalent with the time, which is required for the blood to flow through the AVM nidus. Indicator dilution curves of draining veins usually exhibit a delayed TTP compared with arterial curves because of bolus dispersion effects during its transit through the multiple small vessels within the AVM nidus. Therefore, the bolus-contrast method acts as a slow-motion filter and overestimates present differences. At this point, it is not clear if the observed hemodynamic changes are caused by a previous hemorrhage or reflect an underlying property of the AVM, which leads to a rupture. This is not feasible with any of the previous studies, including ours.
A previous hemorrhage is indeed a stronger contributor to the risk of future bleedings than any of the other risk factors. 1 However, the finding that no other risk factor other than a previous hemorrhage leads to significant hemodynamic changes is a remarkable observation. We believe that this indicates that the hemorrhage is causing hemodynamic alterations and not vice versa. Our results revealed that transit times do not alter over time. If hemorrhage is the cause for hemodynamic changes, one might expect these changes to return to normal values with increasing time after hemorrhage as a result of repair mechanisms. With respect to the causal relationship of the hemorrhage, no conclusions can be drawn from this finding.
Our results should be interpreted with caution. It is not surprising that a rupture, which causes substantial structural alterations to the AVM, also influences the hemodynamic situation. However, the natural course of posthemorrhagic hemodynamics, especially the mid-and long-term development, have not been investigated previously and are likely to be highly complex. With an average delay of 333 days until MRI examination, short-term changes are not recognizable in our study. Apart from this, the severity of the hemorrhage (respectively, structural damage to the AVM) is also likely to have an impact on the degree of hemodynamic changes. This may result in a heterogeneous group of ruptured AVMs in this study that might make hemodynamic alterations over time unrecognizable. Therefore, further analyses are required to investigate these questions in more detail.
The missing association of hemodynamic alterations with any of the anatomic risk factors for an AVM rupture is a surprising finding. AVMs lack a capillary network, which causes arteriovenous shunting with increased flow and pressure, which in turn leads to dysplasia of feeding arteries and draining veins. This alliance of structural and hemodynamic changes in the composition of an AVM would suggest the existence of an analog relationship regarding the structural composition of AVMs prone to rupture as well as their 
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November 2012 hemodynamic properties. However, it may be possible that these hemodynamic changes are too subtle to be observable with this study setup. Within this context, the transit time might not represent the optimal parameter for a quantitative assessment of these changes. Furthermore, the 4D MRA temporal resolution might not be sufficient for identifying such minor hemodynamic changes. In any case, hemodynamic parameters do not seem useful for risk evaluation of AVMs at this stage.
To improve statistical precision, the transnidal passage time was used as a hemodynamic parameter instead of the flow velocity. As pointed out by Barfett et al, 32 an approximation of the flow velocity, which is equal to the traveled distance divided by the TTP difference, requires measuring distances of several centimeters to obtain reliable results. This is hardly feasible for intracranial applications and can easily produce imprecise results due to averaging effects, especially within the AVM nidus, where the length of transit routes is essentially unknown. Moreover, we aimed to achieve more robust results by subtracting ipsi-and contralateral TTP differences to receive a relative measure of the transit time, which is less affected by dispersion and delay of the contrast agent bolus. The reference-based linear curve fitting approach enables a TTP estimation with a precision of 0.1 second given the temporal resolution of 0.5 seconds of the 4D MRA sequence. 37, 38 The precision of TTP calculation can be seen in the depiction of intranidal flow patterns, which correlate well with in-and outflow characteristics as well as with the flow pattern displayed by digital subtraction angiography. 34 The exclusion of 10 patients in our study group due to insufficient image quality can be ascribed to artifacts that mainly occurred in the beginning of the study. Improved signal-to-noise ratio on 3-T MRI reduces these artifacts and insufficient data quality is rare.
Conclusions
Anatomic factors associated with an elevated risk of rupture are not linked to hemodynamic changes. In contrast to this finding, a previous rupture seems to cause significant and permanent hemodynamic alterations and not vice versa. At this stage, transnidal passage time estimated with 4D MRA does not seem useful for risk assessment of AVM rupture.
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